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ABSTRACT 

We performed a detailed analysis of the Chandra and HST images of the Seyfert 2 
galaxy, NGC 7582. The dust lane, as mapped by the HST NIR and optical images, 
strongly influences the morphology of the soft X-ray emission, being spatially coinci- 
dent with excess of X-ray absorption. Two 'hot spots', i.e. regions where emission from 
higher ionization stages of O and Ne is stronger, are observed in the soft X-ray image. 
They can be tracers of variations of the ionization parameter, even if, at least for 
one of them, absorption may be the dominant effect. The positions of the 'hot spots' 
suggest that they are not affected by the star-formation regions observed with HST, 
being located far away from them. Therefore, the starburst does not seem to play an 
important role in the photoionization of the soft X-ray emitting gas. The resulting pic- 
ture is consistent with modified unification scenarios, where the Compton-thick torus 
coexists with a large-scale Compton-thin material associated with the dust lane and 
circumnuclear gas is photoionized by the AGN along torus- free lines of sight. 
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1 INTRODUCTION 

The origin of the soft X-ray emission in obscured Ac- 
\ tive Galactic Nuclei (AGN) is still under debate, but im- 
portant progresses have been made in the last few years. 
The first breakthrough was represented by high resolu- 
tion spectra made available thanks to the gratings aboard 
Chandra and XMM-Newton. The 'soft excess' observed in 
CCD spectra was found to be due to the blending of 
bright emission lines, mainly from He- and H-like tran- 
sitions of light metals and L transitions of F e, with low 
or no continuum, in a f ew br ig ht objects (e.g. |Sako_et_alJ 
20001: ISambruna et all l200lt iKinkhabwala et al.l l200a 
Brinkman et alJ l2002| ; ISchurch et alJ |2004l : iBianchi et alJ 
20051: iPounds fe Pagdbo05h . Spectral diagnostic tools agree 
that the observed lines should be produced in a gas pho- 
toionized by the AGN, with little contribution from any col- 
lisionally ionized plasma. These results have been recently 
confirmed to be common in a large catalog of Seyfert 2 galax- 
ies (Guainazzi & Bianchi, in preparation). A second break- 
through was made possible thanks to the unrivaled spatial 
resolution of Chandra. The soft X-ray emission of Seyfert 

2 galaxies appears to be strongly correlated with that of 
the Narrow Line Region (NLR), as mapped by the [Q ml 
A5007 HST images (e.g. lYoung et all 120011 IBianchi et ail 
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120061: iLevenson et alJl2006l) . Since the NLR is also believed 
to be a gas photoionized by the AGN, it was shown that 
a very simple model where the soft X-ray emission and 
the NLR emission are prod uced in the same material is 
possible l|Bianchi et, alJ 120061. However, many relevant is- 
sues are still open. Is the soft X-ray emitting gas homoge- 
neous? Which is its relation with the AGN environment (i.e. 
dust lanes, X-ray absorbing clouds)? Are there important 
source s of photoionization, like shock s jKinj2005t) and star- 
burst dGonzalez Deleado et al .1200 J) , other than the central 
AGN? 

NGC 7582 is a nearby (z=0. 00525: 
Ide Vaucouleurs et alllQQljl and bright Seyfert 2 galaxy, with 
no evidence of a Hidden Broad L iner Region (HBLR) in po- 
larized light jHeisler et alJll997[l. It shows a fairly extended 
and w ell-defined [O ill] cone ijStorchi-Bergmann fc Bonattol 
Il99lfl , along with a s trong star-formation ac tivity in the nu- 
clear region (see e.g. lWold fe Galliandl200a). Though being 
observed by all the maj or X-ray satellites \ Warwick et alJ 
If 99,Tt ITurner et alJ ll997h its very comp lex X -ray spectrum 
has been revealed only with BeppoSAX (ITurner et aljEoOoh 
and XMM- Newton (Piconcelli et al., in preparation). These 
authors have found that the source is obscured by at least 
two different materials. Moreover, the RGS high-resolution 
spectrum revealed for the first time the nature of its soft 
excess, completely dominated by several strong emission 
lines. The Chandra image also shows that the soft X-ray 



2 Stefano Bianchi, Marco Chiaberge, Enrico Piconcelli, Matteo Guainazzi 



emission is extended and contribution fro m starburst 
activities may be important jPong et al.ll20o3) . 

In this paper, we present a detailed comparison between 
the Chandra and the HST images of NGC 7582, in order 
to get insights on the properties of the extended soft X- 
ray emitting region and the role and characteristics of the 
obscuring materials in the circumnuclear region. 



2 OBSERVATIONS AND DATA REDUCTION 

NGC 7582 was observed twice by Chandra, in two consec- 
utive ACIS dGarmire et aljfeoOST) obser vations in Octobe r 
2000 (obsid 436 and 2319), presented bv lDong et ail <2004) . 
We reduced data used in this paper with the Chandra Inter- 
active Analysis of Observations (ciao) 3.3.0.1 and the Chan- 
dra Calibration Database (caldb) 3.2.1, adopting standard 
procedures. A flare in the background lightcurve is appar- 
ent in the middle of observation 436, but its peak is less 
than 10% of the mean source count-rate, so not affecting 
our analysis. Images were corrected for known aspect off- 
sets, reaching a nominal astrometric accuracy of 0.6 arcsec 
(at the 90% confidence level). Since the two observations 
were performed very close in time and no significant vari- 
ability is apparent between the two lightcurves, we decided 
to merge the two datasets using the merge_all script, after 
having verified that any position difference between the two 
were smaller than 1 pixel (~ 0.49 arcsec). The total expo- 
sure time for the merged dataset is 19 ks. We performed our 
analysis of the Chandra image in the 0.3-10 keV band. In 
the following, we will refer to 'hard X-rays' whenever E > 3 
keV. 

HST observations were retrieved from the MAST (Mul- 
timission Archive at STScI) and processed through the stan- 
dard on-the-fly reprocessing system. NGC 7582 was ob- 
served with WFPC2 and F606W filter (average wavelength 
5958.6 A, width 1579.0 A) on 06/15/1995 as part of pro- 
gram GO 5479 (500s exposure time) and, with the same 
configuration, on 07/24/2001 as part of GO 8597 (560s expo- 
sure time). The object was also imaged in the near-IR with 
NICMOS-NIC2 and the F160W filter (wavelength range 
1.4-1.8 fim, central wavelength 1.55 fim) on 09/16/1997 
(GO 7330). The central regions of the galaxy were im- 
aged with WFPC2 using the 'planetary camera', for which 
the projected pixel size is 0.0455" and the field of view is 
36"x36". The pixel scale for NICMOS/NIC2 is 0.075", and 
the field of view is 19.2"xl9.2". The FWHM of the PSF 
is ~ 0.08" and ~ 0.15" for the optical and IR images, re- 
spectively. The images were combined to remove cosmic ray, 
rectified and aligned using the multidrizzle task, available 
as part of the Pyraf/STSDAS data reduction package. 

The cosmological parameters used throughout this pa- 
per are H = 70 km s" 1 Mpc -1 , A = 0.7 and q = -0.5. 



3 ANALYSIS 

The HST NIR image of NGC 7582 is dominated by a very 
bright unresolved nucleus (see Fig. left panel). We per- 
formed aperture photometry of the nucleus measuring the 
flux inside a radius of 4 pixels, corresponding to 0.3 arcsec. 
We measured the background at 4 pixels from the center, in 



an annulus of 1 pixel width. The largest source of error on 
the photometry is due to the estimate of the background, 
measured in a region where it is not constant. The near IR 
flux of the nucleus is Fi. B(1 = (2.0±0.3) x 10 -25 erg cm -2 s" 1 
hz -1 , i.e. a luminosity of Li.g M ~ 2.2xl0 42 ergs -1 at the dis- 
tance of the source, very well in the range of Seyfert 2s and 
in ag reement with its hard X-ray flux (see e.g. iQuillen et alJ 
2001). West of the nucleus, several star-formation regions 
are clearly visible. Some of them are easily detected also in 
the HST optical images, where no strong nuclear emission 
is apparent. We therefore aligned the IR and optical images 
by means of t he common star-formation regions, similarly to 
what done bv lWold fc Galliano! |2006). This procedure led 
to the identification of the optical nucleus, much dimmer 
than the IR counterpart. Finally, both HST images were 
aligned with the hard X-ray Chandra image, dominated by 
the nuclear unresolved emission, leading to a set of images 
in three bands with a consistent coordinate system (see Fig. 

m 

This identification of the optical nucleus is strengthened 
by the variation it shows between the two HST observations, 
taken 6 years apart. Its flux at 5958.6 A (taken from a re- 
gion with a 3 pixel radius) raised from 1.3 to 2 x 10 _2S erg 
cm~ 2 s" 1 hz" 1 , a variation of almost 60% (the error on each 
measure is around 5%). Conversely, for any other compact 
component (i.e. star formation regions) the flux is stable be- 
tween the two observations, within the errors. The nucleus 
is unresolved, both in the optical and in the IR. The optical 
resolution of HST (i.e. ~ 0.08 arcsec) sets an upper limit on 
its physical size of 8 pc, at the distance of NGC 7582. 

The optical image shows a prominent large-scale dust 
lane on the north-east. To better map its morphology, we 
divided the NIR image by the optical image. The result is 
shown in the left panel of Fig. where we also plotted the 
soft X-ray (< 0.8 keV) contours, in white: the morphology of 
this emission is notably influenced by the dust lane. Most of 
the X-ray emission comes from the west side of the galaxy, 
which is less affected by absorption, but it is also present 
east of the nucleus, in the regions where the dust lane ap- 
pears to be optically thinner. To better compare the optical 
and the X-ray obscuration, we extracted Chandra images 
in the 0.8-1.3 and 0.3-0.8 keV bands. These bands were se- 
lected because their ratio is sensible to column densities of 
the order of 10 21 cm -2 . We are interested here in relative 
changes of the ratio between the two images. On the other 
hand, their absolute ratio has not straightforward physical 
interpretation, being dominated by the transfer function of 
the instrument, and will not be considered hereafter. There- 
fore, we normalized each image to its maximum, allowing us 
to achieve similar dynamical ranges in all images. Then, we 
built an image of the ratio of the two images. The result is 
shown in the right panel of Fig. |2] and by the red contours 
in the left panel. Both the region of higher ratio (high X-ray 
absorption) and the dust lane are located north-east of the 
nucleus. 

Unfortunately, no [O ill] A5007 HST image is available, 
thus preventing us to perform a detailed comparison be- 
tween the soft X-ray emission and the NLR as done for other 
Seyfert 2s bv lBianchi et alJ <l2006l) . However, the shape and 
dimension of the [O ill] cone as observed by the CTIO's 91- 
cm telesc ope closely resemble the soft X-ray co ntours plotted 
in Fig. H ( Storchi-Bcremann & Bonatto 1991). 
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Figure 1. NIR (left) and optical (right) HST image of the nuclear region of NGC 7582. The Chandra hard X-ray (> 3 keV) contour 
plots are superimposed (in blue: they refer to the 90 and the 60% of the peak), The star-formation regions used for the alignment of the 
two HST images are highlighted by green boxes. North is up, east to the left. 
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Figure 2. Left: HST NIR to optical ratio, mapping the amount of dust in the circumnuclear region of NGC 7582. The white contour 
plots refer to the Chandra emission below 0.8 keV, while the red ones the ratio shown in the right panel. Right: Chandra 0.8-1.3 to 
0.3-0.8 keV ratio. Pixel corresponding to counts in either image have been set to ratio 0. The red contour plots shown in left panel refer 
to this image, but the scale is different, as outlined by the broken-line rectangle. In both panels, the black cross indicates the position of 
the nucleus. See text for details. 
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The XMM-Newton RGS spectrum of NGC 7582 shows 
that the soft X-ray spectrum is dominated by a wealth of 
emission lines, with a very low level of continuum emission 
(Piconcelli et al., in preparation). Therefore, we extracted 
Chandra images in narrow bands to look for spatial vari- 
ations of emission lines' ratio. In particular, we selected 4 
bands on the basis of the RGS spectrum, each one dominated 
by emission lines of a particular ion: 0.5-0.6 keV (O vn), 0.6- 
0.7 keV (O viii), 0.85-0.95 keV (Neix), 0.95-1.1 keV (Nex). 
For each element, we then performed, as explained above, 
an image of the ratio of the higher to the lower ionization 
stage. The result is shown in Fig. El two 'hot spots' are iden- 
tified for oxygen (labelled Ol and 02) and for neon (Nl and 
N2). They point to regions where emission from the higher 
ionization stages is more intense. The significance of these 
spots (calculated on the ratio of the counts of the original, 
unsmoothed images) is 2a for Ol, 02 and Nl, while la for 
N2. The positions of the oxygen and the neon spots are not 
fully coincident, but they follow a very similar pattern. A 
possible explanation for this difference may be the presence 
of a not-negligible contamination by Fe L in the Neon domi- 
nated bands, possibly affecting the significance and location 
of Nl and N2. 



4 DISCUSSION 

Spatially-resolved X-ray spectroscopy is beyond the capa- 
bilities of present missions, at least for source as bright 
and far as the brightest nearby AGN. Nonetheless, the un- 
precedented spatial resolution of the Chandra optics permits 
energy-resolved imaging analysis, even when they are cou- 
pled with a low energy resolution detector. This technique 
has not been fully exploited yet (but see some examples in, 
e.g. lYoung et alJl200lt llwasawa et~aTl 12001 IColbert etail 
2005). Once combined with data from other wavelengths, 
it provides information on the physical states and the geo- 
metrical distribution of the circumnuclear gas, which can- 
not be obtained otherwise. We have shown in the previous 
section that NGC 7582 is one of the few nearby obscured 
AGN where energy-resolved imaging analysis is indeed pos- 
sible with current instrumentation. In this section, we will 
discuss the results obtained in Sect E] in the context of an 
overall interpretative scenario for the nuclear region. 



4.1 Dust and X-ray absorption 

The left panel of Fig. [5] shows how the dust lane influences 
the morphology of the soft X-ray emission in NGC 7582. 
Most of the soft X-ray emission comes from the south-west, 
exactly as the optical [O in] ionization cone, complementar- 
ity to the presence of optical obscuration. X-ray obscuration, 
therefore, appears to be coincident with the dust lane. This 
is confirmed by the right panel of Fig. [5] which directly maps 
X-ray obscuration: the east side of the 'cone' becomes visible 
at higher energies, below the thinner part of the dust lane 
(see also red contours in the left panel). 

While it is not possible to be strictly quantitative in the 
comparison of the dust lane and the X-ray absorber with 
the present data, we can perform a simple, qualitative anal- 
ysis. Adopting the standard Galactic gas-to-dust ratio, the 



optical reddening may be rewritten in terms of the absorb- 
ing column density via the relation Av = 5.27 AjJ 3 mag, 
where t he column density is e xpressed in units of 10 22 cm~ 2 
(see e.g. lMaiolino et ai1l200ll . and references therein). As an 
order of magnitude estimate, the column density required 
to obscure emission below 0.8 keV is of several 10 21 cm -2 . 
Such column density would correspond to Av of the order of 
unity (~ 3 mag for Nh = 5 x 10 21 cm -2 ), which is roughly 
in agreement with the observed dust. 



4.2 The 'hot spots' 

Fig- El shows that the soft X-ray emitting gas in this source 
is not homogeneous. Two 'hot spots', where Oviii and Nex 
emission are brighter than O VII and Ne IX, respectively, are 
present on both sides of the nucleus. The origin of these 'hot 
spots' may be at least twofold: i) variation of the obscuring 
column density or ii) variation of the ionization parameter 
of the gas (U). 

In the first case, the higher observed ratio would be 
an effect of absorption: the enhancement of the emission 
from higher ionization stages would be driven by the fact 
that it is less influenced by the intervening column density. 
This seems a reasonable hypothesis for Ol/Nl, which are 
indeed in the region covered by the thinner part of the dust 
lane (see Fig.|5J. The column density inferred for this region 
in the previous section, a few 10 21 cm -2 , is indeed of the 
order of magnitude needed to affect the ratio between the 
emission lines under analysis. On the other hand, no clear 
absorption structures are present around 02/N2, so that 
this explanation seems inappropriate for these 'hot spots'. 

In the second scenario, the variation of the lines ratio 
would be a tracer of spatial heterogeneity of U. An higher 
value of U may be due to a decrease of the density or a 
change of the ionizing flux, as in the case of the prese nce of 
a localized photoionizing source. iBianchi et al] ]2006l) have 
shown that a gas with constant U can reproduce the average 
NLR/soft X-ray properties. Assuming the central AGN as 
the only source of photoionization, a constant U at every 
radius implies that the density should be falling away from 
the nucleus like r~ 2 . Any local deviation from this density 
law would produce spots of higher or lower ionization, as the 
ones observed in NGC 7582. 

On the other hand, the value of U can be locally en- 
hanced by a photoionization source other than the central 
AGN, like radio shocks or star-formation regions. Indeed, 
it is interesting to note th at NGC 7582, differently from 
the Seyfert 2s presented bv iBianc hi^^lj (|2006j), is know n 
to host a strong starburst fsee e.g. lWol^^^G^ihanoll2006h . 
The RGS spectrum of NGC 7582 is indeed dominated by 
emission lines, as many Seyfert 2s, but the strongest line is 
the Oviii Kq, as often found in strong starburst galaxies 
(Guainazzi & Bianchi, in preparation). However, the Oviii 
'hot spots' are very far from the strong star-formation re- 
gions resolved in the optical and NIR images (see Fig. 
and, therefore, a direct relation between the two phenom- 
ena seems rather unlikely. Moreover, the soft X-ray emission 
is much more extended than the starburst region and not ob- 
viously correlated, as it is with the NLR. Therefore, even if 
we cannot exclude that the continuum emission produced 
by the starburst contributes to the photoionization of the 
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Figure 3. Left: Ratio between the 0.6-0.7 and 0.5-0.6 keV images of NGC 7582, effectively mapping the Ovm to O VII ratio along the soft 
X-ray emitting gas. Right: same as above, but for the 0.95-1.1 keV and 0.85-0.95 images, mapping Nex and Neix. Pixel corresponding 
to counts in cither image have been set to ratio 0. In both panels, the black cross indicates the position of the nucleus. See text for 
details. 



NLR, it seems that it is not the principal source of ionizing 
photons and cannot account for the observed 'hot spots'. 

As far as we know, this is the first evidence presented so 
far for regions with different spectral properties in the soft 
X-ray emitting gas of an AGN. Whether this is found to be 
common in Seyfert 2s or not in the future, it will provide 
unique information to better understand the physical pro- 
cesses at work in the extended soft X-ray emission of AGN 
and its relation to the materials observed in other bands. 



4.3 The geometry of the absorbers 

The joint analysis of Chandra and HST data of NGC 7582 
requires the presence of three absorbers. First, the near in- 
frared image is dominated by a central, unresolved, source, 
which, as generally believed in Seyfert 2s, is likely to be re- 
emission of the central AGN from the dusty torus. However, 
the nuclear optical emission is a factor ~ 1000 lower. This ra- 
tio between the fluxes at 1.6 and 0.6 is by far the largest 
if compare d with a sample of Seyfert 2 nuclei observed by 
HST (e.g. lAlonso-Herrero et all 12003). thus being sugges- 
tive of a further obscuration of the torus itself by a second 
intervening material. Moreover, a significant part of the soft 
X-ray emission is strongly affected by large-scale absorption, 
correlated to the dust lane, leaving one side of the cone com- 
pletely unabsorbed. These results are in agreement with the 
~XMM-Newton spectrum, which is absorbed by at least two 
materials, the thickest being likely the torus (Piconcelli et 
al., in preparation). Note that neither the RGS nor the EPIC 
pn spectra, extracted from much larger regions, can measure 
the large-scale absorption in the soft X-ray emission, because 
it only obscures a part of the emission. 



This scenar i o fits well with the results presented by 
iGuainazzi et al.l (|200FJ) on a large sample of Seyfert 2s. They 
found a significant correlation of X-ray obscuration in the 
range 10 22 — 10 23 cm -2 with the prese nce of ~ 100-pc scale 
nuc lear dust. Th erefore, as proposed bv lMalkan et alJ (|l99ftt) 
and lMattl i2000T) , a possible extension of the standard unified 
model should include, as well as the Compton-thick torus, 
a Compton-thin material located on a larg er scale, associ- 
ated w ith dust lanes. As already noted bv IGuainazzi et"al] 
l|200ll) . this material is not necessarily coincident with the 
dust lane, but a "dusty environment" could favour the for- 
mation of large scale X-ray absorbing clouds. In particular, 
in the case of NGC 7582, we suggest that the dust lane may 
be directly responsible for the absorption of the north-east 
part of the soft X-ray emission, while a thicker cloud is along 
the line of sight to the torus. 



5 CONCLUSIONS 

A multiwavelength approach to imaging analysis of AGN is 
still underutilized, in particular with X-ray data, but it pro- 
vides a unique opportunity to study the geometry of the cir- 
cunmuclear materials and their mutual relations. With this 
aim, we have performed a detailed analysis of the Chandra 
and HST images of NGC 7582, whose results can be sum- 
marized as follows: 

-The dust lane appears to be coincident with a region 
where the soft X-ray emission is absorbed. Under standard 
assumptions, the derived gas column density and dust Ay 
are roughly in agreement. Interestingly, soft X-ray emission 
at higher energy becomes visible in regions where the dust 
lane appears thinner. 
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-Two 'hot spots', i.e. regions where emission from higher 
ionization stages of O and Ne is stronger, are observed in 
the soft X-ray emission. While in one case the effect due to 
absorption may be the most important one, these 'hot spots' 
may be in principle tracers of heterogeneity of the emitting 
gas. Moreover, the lack of any coincidence between the star- 
formation regions (as observed in the HST optical and NIR 
images) and the 'hot spots' seems to exclude that, at least in 
NGC 7582, the starburst has an important role as a source 
of photoionization. 

-The overall picture is consistent with unified scenar- 
ios where a compact torus intercepts the line of sight only 
in Compton-thick AGN, while a large-scale Compton-thin 
material is associated with the host galaxy matter on larger 
scale. 
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